Introduction
Niobium nitride (NbN) presents excellent physical and chemical properties such as hardness, wear resistance and superconducting properties. Regarding
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its superconducting properties, NbN is a promising candidate for single-photon detectors or as a constitutive material in multilayers for superconducting radio frequency (SRF) cavities providing that NbN crystallises in the fcc structure.
Among the thin film deposition techniques used for the deposition of NbN films, physical vapor deposition (PVD) methods have been almost exclusively investigated despite some attempts by chemical deposition techniques like the Chemical Vapor Deposition (CVD) technique [1, 2] and the Atomic Layer Deposition (ALD) technique [3] . Furthermore, little has been published on the orientation relationships between the NbN layer and the substrate. The most comprehensive work on orientation relationships has been done using the ALD technique [3] and the PVD technique [4, 5] . As a first step to link the structure to the resulting properties of CVD NbN layers, we present in this contribution the synthesis 
Thermodynamic analysis
Thermodynamic analysis of NbN growth by HTCVD process was carried out with Factsage thermochemical software [6] using the FACT PS 6.4 thermodynamic database. NbN experiments were conducted in a quartz, cold wall, vertical CVD reactor using a two chamber reactor [7] . The first chamber is the chlorination chamber where NbCl x(g) species are in situ formed via chlorination of high purity Nb wire (99.999%) with chlorine gas Cl 2(g) (99.999%). In the second chamber, NbCl x(g) reacts with NH 3(g) (99.999%) and H 2(g) is used as a carrier gas. Pa by the reaction of condensed NbCl 2(s) with Cl 2(g) (a pre-treatment of Nb metallic wire with Cl 2(g) is necessary to form the solid NbCl 2(s) at high temperature and then NbCl x(g) ). At T<440
• C, NbCl 5(g) is the main gaseous species 2
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while at T>440
• C, NbCl 4(g) is dominant. In our NbN experiments, temperature of the chlorination chamber is adjusted to preferentially form NbCl 4(g) over NbCl 5(g) (Fig. 1) . Indeed from the thermodynamic analysis (not shown here), NbCl 5(g) and NbCl 4(g) , in a much lower amount, react with the silica walls of the reactor to form the gaseous species SiCl 4(g) and NbOCl 3(g) which can lead to incorporation of oxygen and silicon in the layers. Fig. 1b gives the main gaseous species resulting from homogeneous reactions in the gas phase at P=1115 Pa between NbCl x(g) synthesized at T=650
• C, NH 3(g) and H 2(g) . It indicates that NbCl 4(g) remains the only niobium species stable for T<1500
tial pressure appears to be low which is a consequence of its dissociation into H 2(g) and N 2(g) . In fact, due to kinetics reasons, NH 3(g) is the most important source of N in this range of temperature [8] . Considering the heterogeneous equilibrium at this pressure and temperature range (600-1400
indicate that the equilibrium condensed phase is NbN (s) which is the nitrogen rich Nb-N phase (no Nb 2 N phase appears to be stable). [7] . In the following article, this substrate will be labelled as (0001)AlN template. Substrates are set down on a 55 mm diameter non-coated graphite susceptor heated by induction. The growth temperature is measured at the center of the substrate with a dual wavelength pyrometer. Hydrogen is used as reactive carrier gas during the heating and the growth step. The reactions by-products (mainly NbCl x(g) , HCl (g) and NH 4 Cl (g) ) are condensed in a liquid nitrogen cold trap located prior to the pumping system. Before the deposition of NbN, niobium 
Experimental details

High Temperature CVD experiments
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Characterization techniques
The nature of the NbN phase of the films was studied using a PANalytical Raman spectra were recorded both using a Jobin-Yvon T64000 confocal Raman spectrometer and a Renishaw RM1000 System at room temperature.
The samples were excited using a 514 nm line from an Ar+ gas laser with a power of approximately 5 mW on the sample. Micro sampling was accomplished with a 100x objective (numerical aperture of 0.9) for the T64000 and with a 50x for the RM1000 (numerical aperture of 0.75). RM1000 spectrometer is equipped with a notch filter cutting low frequency around 150 cm −1 . Due to is 4 A C C E P T E D M A N U S C R I P T
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triple substractive configuration, T64000 spectrometer allows measurement at low frequency, less than 20 cm −1 . Only spectra acquired from the RM1000 are shown in this paper. All the peaks below 200 cm −1 were confirmed with the T64000 spectrometer.
The samples for the TEM observation were first mechanically ground to a thickness of 25 µm and then polished to a mirror-like state with diamond discs of 9, 3 and 1 µm. Samples were finally ion-milled (Model PIPS, Gatan) under a condition of 10 kV until a hole was made, followed by a condition of 4 kV during 30 minutes. A conventional 300 kV JEOL3010 microscope was used to examine these samples.
The samples were also analyzed by Electron probe micro-analysis (EPMA) using a Cameca SX50 at accelerating voltages of 5 kV, 7 kV, 10 kV and 12
kV. The Nb Lα, Al Kα, O Kα, C Kα and N Kα characteristic X-ray peaks were analyzed. Layers composition and thicknesses were calculated using the Stratagem software (SAMx, France) and a Φ(ρ.z) calculation model.
Results and discussion
Common features of NbN layers
The NbN x layers present a homogenous specular surface with a metallic reflection from silver color (hexagonal NbN) to gold color (cubic NbN) . The layers exhibit no visible cracks under the optical microscopy.
Typical thicknesses are 39 nm (which corresponds to a growth rate of 67 nm/h) and 49 nm (84 nm/h) for the samples grown at 900
• C and 1300
• C respectively, determined by X-Ray reflectometry. In those conditions, it has been observed that the growth rate does not depend on the substrate.
By EPMA analysis, we found that the Nb/N atomic ratio varies between 
Phase analysis
In the Nb-N phase diagram, five different crystallographic structures are admitted [1, 4, 9] : α-Nb (Nb with interstitial N), hexagonal close-packed (hcp) β-
hcp ǫ-NbN (anti-WC structure, P6m2). An additional hexagonal phase δ'-NbN with the space group P 6 3 /mmc is supposed to occur during the transformation of ǫ-NbN towards δ-NbN. In our study, we observe basically two phases, i.e. the hexagonal NbN and fcc δ-NbN. At 900
• C, the NbN layer has a hexagonal structure with a highly (000l) preferential orientation. Additional peaks are observed which reveal a small polycrystalline contribution as indicated by the (1010) and the (1011) reflections. However due to the similarities of XRD patterns for δ'-NbN (ICDD:
04-004-3003) and ǫ-NbN (04-004-3002) for the obtained orientations, it is difficult to conclude about the nature of the hexagonal phase. We noticed that addition of argon in the chlorination chamber (Ar (g) /Cl 2(g) =1.9) leads to the stabilization of oriented ǫ-NbN (the (1011) peak observed at 38.6
• is characteristic of ǫ-NbN), Nb 2 N (ICDD: 01-075-1616) and Nb 4 N 3 (ICDD: 01-089-6041).
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This observation is in disagreement with our thermodynamic calculations which show that only NbN is stable. However, Singer also found that addition of Ar (g) in the gas phase during PVD leads to the stabilization of Nb 2 N [10].
The Raman spectra help to identify the nature of the NbN layers (Fig. 3 ).
For the sample grown at 1300
• C, the low frequency domain located at ∼154 cm −1 and the high frequency nitrogen band at ∼510 cm −1 clearly indicate δ-NbN [11, 12] . For the sample grown at 900
• C in presence of Ar (g) during the chlorination step, the peaks at ∼370 cm indicates the presence of Nb 2 N and Nb 4 N 3 [11] . This findings are consistent with the XRD 2θ results and confirm the presence of ǫ-NbN. However, the sample grown at 900
• C presents a low intensity Raman signal without any matching with the ǫ-NbN spectra of Kaiser [11] . One peak at ∼178 cm −1 is detected which can not be clearly related to ǫ-NbN and might indicate δ'-NbN. Finally, no band centered at ∼ 650 cm −1 is observed in all of our layers which reveals the absence of a crystallized Nb 2 O 5 phase [13, 14] .
Orientation relationships of δ-NbN
In this part, the effect of substrate orientation is studied. at 1300
• C under the same process conditions. In all cases, θ/2θ diffraction scans show an out of plane (111) preferred orientation for all cases (Fig. 4) .
A convenient parameter for defining the degree of preferred orientation of f.c.c. films is the f factor, which is calculated as [15] 
in which R m is the measured background corrected intensity ratio of the (111) to the (200) peak, i.e. I(111)/I(200), and R c is the expected value of R m for a completely random distribution of crystallites (R c = 1.37). f will approach 1 as the (111) planes become preferentially oriented parallel to the substrate surface.
A high degree of preferred orientation is found for all the δ-NbN layers, with In order to investigate if the δ-NbN is fiber textured or epitaxially grown, non coplanar in-plane diffraction scans and pole figures were measured ( Fig. 5 and Fig. 6 ). • . This type of twinning is typical and occurs in a cubic systems [16] . A comparison of Fig. 6a and Fig. 6d shows that the additional peaks do not correspond to the 511 twinned grains despite the same azimuthal orientation (β=18.7 ± 0. Table 1 , we summarize the epitaxial relationships between the NbN layer and the substrates found by XRD and TEM observations.
Role of AlN layer on residual stress in NbN layers
In heteroepitaxial systems, the final observed stress in the crystal is the sum of the extrinsic stress due to the thermal expansion mismatch between the crystal and substrate and the intrinsic stresses which develop during the growth.
These intrinsic stresses originate in the lattice mismatch between epilayer and substrate as well as in the process of grain coalescence which occurs in the early stages of growth. We have already shown that the growth of thin AlN layers (<500 nm) leads to tensile stress at room temperature [17] . We discuss in this the NbN layer with ǫ epi =-11%. In such high epitaxial mismatch system, introduction of periodical misfit dislocations will permit a partial relaxation [18] .
A Fourier filtered image of a NbN on (0001)Al 2 O 3 observed by HRTEM [19] indicates a 9-8 relationship. In that case, the epitaxial mismatch induced strain
with gives a compressive state with ǫ=-0.42%. 
where E is the elastic modulus, and γ sv and γ gb are the surface and grain boundary energies, respectively and L, the size of islands before coalescence.
By using orders of magnitude for parameters of eq 4 with typically 2γ sv -γ gb ∼1 J/m 2 , E/(1-ν)∼=400 GPa, L∼50 nm , it leads to a tensile state with ǫ∼1% [21, 22] . Detailed measurements of the stress during the growth should help to clearly evaluate the island coalescence induced stress and the difference between NbN on sapphire and NbN on AlN since misfit strain and dislocations can alter or enhance the nucleation in a complex way [23] . Finally, the thermal stress contribution can be calculated from the elastic properties of the materials and from the evolution of the coefficients of thermal expansion (CTEs) with temperature. We used the equations and the formalism of Hsueh [24] The peeling observed for NbN/Al 2 O 3 ( Fig. 7) and not observed for NbN/AlN can be explained by the thermal instability of sapphire in H 2(g) at T>1200
• C [7] . Etching of sapphire will create voids at the NbN/Al 2 O 3 during the heating step and the nucleation of NbN. On the contrary, AlN remains stable under H 2(g) at high temperature and acts as a protective layer for sapphire. Despite a slightly higher residual tensile state in the NbN/AlN, the absence of voids at the interface will not induce peeling. Main species in the gas phase between reaction of NbCl x(g) with NH 3(g) /H 2(g) mixture. 2 θ/2θ X-ray diffraction pattern of layers deposited at 900
• C. The linear scale (a) indicates a preferred orientation for all samples. The log scale (b) clearly shows the small contribution of the additional phases and orientation 3
Raman spectra of NbN layers, for different growth conditions. The deduced phases are indicated. 4
θ/2θ X-ray diffraction pattern of 49 nm δ-NbN layers grown at 1300
• C on different substrates. ZB-NbN stands for the ZincBlende structure (space group : F-43m). ZB-NbN is a metastable phase and remains hypothetical [27] . 5 Determination of the in-plane orientation relationships by non coplanar in-plane diffraction measurements for NbN deposited at 1300
• C on the sapphire substrate and on the AlN template. The first order appears with less intensity than the second order due to geometrical reasons in the diffractometer. (111)NbN 
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• NbN thin layers were grown by High Temperature CVD
• Heteroepitaxial growth of hexagonal phase and single phase cubic fcc NbN layers were obtained depending on temperature
• Crystallographic orientations between fcc NbN and (0001)Al 2 O 3 , (0001)AlN template and (1120)Al 2 O 3 are given
• We discuss the role of an AlN layer as a possible protective layer of the sapphire for the synthesis of fcc δ-NbN 1
